This study examines changes in peat volume in a mined peatland near Lac St Jean, Quebec, during the spring and summer of 1995 and 1996, and the implication for water storage changes. Lowering of the water table caused drainage above the water table, but the speci®c yield (S y ) of the peat was relatively small (0 . 48), and did not adequately describe the water storage change. Lowering of the water table also caused surface subsidence, which was shown to be partly due to shrinkage above the water table (53 . 6 cm), and partly due to compression of the saturated peat (about 6 cm). Measured total surface subsidence ranged from 6 . 5 to 10 cm. The change in peat volume occurred over the entire depth of the peat deposit (b), and so the storativity due to peat compression (bS s ), estimated to be 0 . 13, was more important than speci®c yield in determining water storage changes. Total storativity (S tot ) was best estimated as the sum S y bS s .
INTRODUCTION
Peat is very compressible on account of its high water content. The engineering consequences of this have been understood for some time (McFarlane, 1969) , but the hydrological signi®cance is scarcely recognized. The highly deformable peat matrix can ( partially) accommodate storage changes by expansion and compaction, a seasonal eect known in Germany as Mooratmung (`mire breathing') (Ingram, 1983) . Consequently, the water table may reside closer to the surface than it would otherwise. This may result in higher rates of groundwater¯ow (Price, 1992) , evapotranspiration rates (La¯eur, 1990) , and methane¯ux (Moore et al., 1990) . Furthermore, soil hydraulic parameters related to pore size volume, including water retention, hydraulic conductivity and speci®c yield, are aected (Chow et al., 1992) .
Soil scientists have studied the process of peat compression, primarily to determine its mechanical properties for engineering purposes (Hobbs, 1986) . The most signi®cant portion of volume changes in peat is due to`normal compression ' (McLay et al., 1992; Pyatt and John, 1998) , in which volume changes equal the volume of water lost from soil pores (McGarry and Malafant, 1987) . Volume changes due to`residual shrinkage ' (McGarry and Malafant, 1987) , which occurs when air enters the soil, are signi®cantly smaller than for`normal shrinkage ' (McLay et al., 1992) . This process is related to contraction of the matrix resulting from the water tension within the soil (Hobbs, 1986) . (Schothorst, 1977 ascribed 10% of the volume change of a Dutch peatland, which occurred over a period of six years, to shrinkage above the water table; 35% was by compression below the water table; 55% due to peat oxidation above the water table.) Over the long term, oxidation causes a general lowering of the surface. However, compression and shrinkage are at least partly reversible. Therefore, water gained or lost by volume changes of peat need to be considered when evaluating water storage changes.
Water storage changes manifest by¯uctuating surface elevation have been reported by (Almendinger et al., 1986; Nuttle and Hemond, 1988; Roulet, 1991; Price, 1994) . The changes are relatively small in consolidated or highly mineralized peat. For example, changes in surface elevation in response to semi-diurnal tidal inundation of a salt marsh (Nuttle and Hemond, 1988) were less than 0 . 8 cm. By contrast,`¯oating' or quaking' peatlands, which have a very high water content, may experience changes up to 2 to 4 cm d À1 (Roulet, 1991) . Other studies have recorded seasonal changes of 10 cm (Almendinger et al., 1986) , 12 cm (Price, 1994) , and even up to 50 cm (Buell and Buell, 1941; in Roulet, 1991) . Schlotzhauer and Price (in press ) noted settlement of the surface in the range of 11 and 23% of the lowering of the water table in a mined peatland. Nevertheless, estimates of water storage changes in peatlands typically neglect this mechanism, but rather, relate water table changes to storage changes through the speci®c yield (S y ) parameter (Bay, 1968; Bavina, 1975; Owen, 1995; Price, 1996) . However, water table changes equivalent to the surface elevation change e.g. (Roulet, 1991) would result in an estimate of no storage change by this drainage alone, since the water table remains at the (adjusting) surface.
Water storage changes in an aquifer are governed by its storativity (S tot ), de®ned as the volume of water released from an aquifer per unit surface area per unit decline in head. In an uncon®ned aquifer, this is typically accomplished when air enters the pores above the water table as the water table declines, and the storativity is equivalent to the speci®c yield (S y ). Where storage changes occur solely by compression of an aquifer of thickness (b), the storativity is equivalent to bS s , where S s is the speci®c storage, given by S s r w ga nb 1 where r w is density of water, g is gravitational acceleration, a is the compressibility of the matrix, n is porosity, and b is the compressibility of water. Water is not signi®cantly compressible under the range of pressures encountered in shallow systems, so S s r w gaX 2
From Equation (2), we see that speci®c storage is a function primarily of the compressibility of the aquifer. Since volume change (i.e. compression) in a horizontally extensive soil is manifest entirely by a decrease in its thickness, its surface elevation (dz) per unit decline in head (dh), can be expressed
The total storativity of the aquifer (S tot ) is therefore a function of both speci®c yield, and the speci®c storage, such that S tot S y bS s X 4
In the saturated part of an aquifer there is no free drainage of pore water, so the ®rst term on the right hand side of Equation (4) is zero. In most uncon®ned aquifers, S s is small and considered negligible relative to the Copyright # 1999 John Wiley & Sons, Ltd. HYDROLOGICAL PROCESSES, VOL. 13, 2591±2601 (1999 eect of S y . However, because peat is highly compressible, both processes may operate. Estimates of S y reported for peat range from 0 . 09 to 0 . 45 (Vorob'ev, 1963) , 0 . 08 to 0 . 84 (Boelter, 1964) , 0 . 1 to 0 . 55 (Price, 1992) , and 0 . 048 to 0 . 55 (Price, 1996) . Lower values are for decomposed peat, and higher values are for undecomposed or living mosses. Estimates of bS s derived from the literature range from 0 . 024 (Nuttle et al., 1990) , 0 . 17 (Koerselman, 1989) , and even up to 1 . 0 for the`¯oating fens' reported by Roulet (1991) . Note that the elevation change is a function of peat thickness (b), and that thicker peat typically undergoes more surface adjustment (Almendinger et al., 1986) . Where water table¯uctuations are large, such as in mined peatlands; where speci®c storage is large, such as in`quaking' or`¯oating' peatlands; or where peat is especially thick, the potential for incorrectly assessing storage change is higher. Therefore, the objectives of this study are to:
1. quantify the rate and amount of peat volume changes above and below the water table, and its nature; 2. explore the eect of peat volume changes on estimating water storage changes; and 3. determine the implications for management of peatland restoration
STUDY AREA
The study area is in the Lac Saint-Jean area of QueÂ bec, Canada (48847 H N, 72810 H W). The average annual temperature is 1 . 7 8C, with average January and July temperatures of À17 . 1 and 17 . 3 8C, respectively (Environment Canada, 1982) . Mean annual total precipitation is 906 mm (32% falling as snow). Mean annual runo in the nearby Mistassini River, which is indicative of the dierence between precipitation and evaporation, is 623 mm (Environment Canada, 1992) .
The peatland is located over a terrace of deltaic sands in the Lac Saint-Jean lowland (Morin, 1981) , and is part of a 4315 ha bog-poor fen complex which has been classi®ed as Plateau Bog (NWWG, 1987) . The peat deposit has developed over permeable sands because the presence of a well developed iron pan limits seepage losses (Price, 1996) . Residual peat thickness ranges from 1 . 2±1 . 8 m, and has suered oxidation and compression due to drainage and mining activities. This study examined a cutover portion of the peatland. Drainage operations began in 1990. The upper 0 . 35 to 0 . 6 m was removed by block-cutting with heavy machinery in 1991, then the ditches were blocked with peat dams in the fall of 1992. The cutover surface is generally¯at.
METHODS
The study examines May to September data from 1995 and 1996. Water table elevation was measured daily in seven 25 mm i.d. pvc wells secured 1 . 1 m below the surface, along a transect perpendicular to a blocked ditch, at distances of 0 . 5, 1, 2 . 5, 5, 7 . 5, 10 and 15 m from the ditch edge. Distance to the surface was measured each time a water level was determined. Water tension was measured with tensiometers set 1, 3, 7, 10, 20, 30, 40 and 50 cm below the surface in 1995, and 2, 10, 20, 30 and 50 cm in 1996. Soil moisture was measured gravimetrically in 1995 and 1996. For the gravimetric analysis three soil samples were collected from the cutover peat surface, 3 cm thick, each sample day, and lumped for analysis. Moisture content and soil bulk density were determined from the same samples. In 1996 soil moisture was also measured with TDR at the same depths as the tensiometers. The TDR was calibrated for this soil.
Rain was measured in a tipping bucket rain gauge. Evaporation was estimated with the Priestley and Taylor (1972) model. For this, net radiation was measured at 3 m with a REBS net radiometer, soil heat¯ux with 2 REBS heat¯ux plates, and air temperature at 1 m with a shielded thermocouple. The model was calibrated with evaporation measured in 1993 and 1994, using the Bowen ratio energy balance method (Price, 1996) . Further details on the use of this model at this site can be found in Price (1997) .
RESULTS AND DISCUSSION
Following inundation and saturation of the site by snowmelt, the water table and soil moisture (Figure 1 ) decreased in response to evaporation and drainage. The physical properties of the soil are not static, as shown by bulk density variations (Figure 1 ). During this period, there is a general decrease in the surface elevation, ranging from 6 . 5 to 10 cm ( Figure 2 ). As noted earlier, the decline in surface elevation in peatlands can be attributed to changes in soil volume both above and below the water table.
Soil volume changes above the water table
Soil moisture and bulk density data representing only the upper 3 cm of peat, were plotted against each other (Figure 3 ). Four phases in the regime of bulk density change were identi®ed: (1) During the period 7 June to 6 July, the peat dried rapidly, and bulk density increased. The start of this period was rainy, and the system wet from residual snowmelt water. The peat had high soil moisture, but underwent its greatest decrease. Toward the end of this period there was little rain, and surface drying occurred. (2) From 9 to 19 July the bulk density decreased. This period was rainier than the last week of the previous period, and resaturation of the surface evidently caused peat to expand. Water tension measurement (at 2 cm depth) are available for this period, and averaged À98 . 0 mb. (3) Bulk density again increased between 20 July and 17 August. Note that at the end of this period conditions are quite dry, because of low rain and high evaporation. Average soil water tension climbed to À183 mb. (4) The bulk density dropped sharply at the end of the summer (20 August to 5 September), when average rainfall increased substantially. After 23 August the average soil water tension dropped to À99 . 0 mb. The additional rain and lower tensions allowed the peat to expand. The changes in bulk density exhibited extreme hysteresis with respect to soil moisture. Drying conditions during phase 1 decreased the peat volume, and lowered the volumetric soil moisture. The increase in peat volume during phase 2 was in response to slightly wetter conditions. However, this was not sucient to increase the calculated volumetric soil moisture content (because the new volume was larger). Instead, the moisture content remained relatively steady (Figures 1 and 3) . The additional moisture was held in a larger volume of peat, nullifying any increase in volumetric moisture content. During the third phase (drying) the bulk density again increased ( peat volume decreased), minimizing the decrease in volumetric soil moisture. The fourth phase (rewetting) occurred during a notably wetter period and peat expansion and soil moisture change reversed the previous drying trend. The change in peat volume observed here was greatest early in the summer, when the peat was closest to saturation. Dilation (expansion) did not occur at the same rate during rewetting; it was considerably less. Hysteresis reported by Schlotzhauer and Price (in press) noted that vertical displacement during periods of water loss was ®ve times greater than during periods of water gain.
Given the range in average bulk density (83±101 kg m À3 ), the maximum volume decrease of peat within the top 3 cm layer was about 18%. Presumably the average volume decrease in the whole unsaturated zone was somewhat less than this, since it did not dry to the same extent (Price, 1997) . For example, the average moisture content calculated in 1996 (average of daily 10, 30, and 50 cm TDR measurements) was 0 . 71. Data on volume changes in this zone are not available for 1996. While the relationship between volumetric soil moisture and bulk density was hysteretic, there was a more direct relationship between bulk density and soil water tension (Figure 4 ), since shrinkage is caused by the suction generated within the pores (Hobbs, 1986) . While there is some scatter in the relationship (r 2 0 . 48), this is to be expected given the spatial variability of soil samples, which were retrieved at the same site as the tensiometers, but necessarily at some distance from it, and at a dierent location each time (i.e. destructive sampling). The scatter in Figure 4 is random, unlike that in Figure 3 . The maximum water tension in 1995 occurred on 22 August. Based on tensiometers positioned at 10, 20, 30, 40 and 50 cm below the peat surface (see Price, 1997) , the depth-averaged tension was À106 . 4 cm. Therefore, the total change in bulk density was estimated from the change in tension from zero following the snowmelt period, to 106 . 4 kg m À3 (the average tension). From Figure 4 this can be seen to equal approximately 5 . 3 kg m À3 . Assuming the average bulk density in the pro®le was less than or equal to that at the surface (92 . 1 kg m À3 ), the maximum volume decrease was about 6% of the peat in the zone above the water table. Furthermore, assuming all displacement is in the vertical axis, and since the maximum thickness of this zone was 0 . 6 m (Figure 1 ), a lowering of the peat surface of up to 3 . 6 cm was calculated for the zone above the water table (0 . 6 m * 0 . 06).
Soil volume changes below the water table
In 1996 volume changes in the peat below the water table were evident from the decrease in volumetric moisture content there, as the water table above it was lowered ( Figure 5 ). It suggests that lowering of the water table resulted in compression of the peat, as the total stress caused by the weight of the overlying material ( peat and water) increased. The decrease was only 3 . 5% of the total peat volume (i.e. extrapolating from a water table depth of zero following snowmelt). However, since this 3 . 5% decrease in volume occurred over the entire saturated thickness (1 . 7 m), the total vertical displacement due to compression alone was estimated to be about 6 cm (i.e. 1 . 7 m * 0 . 035). Since the total decrease in surface elevation ranged from 6 . 5 to 10 cm (Figure 2) , compression below the water table likely contributed more signi®cantly to peat volume changes than shrinkage above the water table.
Determining changes in water storage
It was shown earlier that water storage changes could be associated with changes in peat volume by determining the total storativity as bS s dz/dh. Therefore, from dz/dh in Figure 2 , the average +s.d. of bS s in 1995 was 0 . 083+0 . 006. In 1996 the equivalent value was 0 . 081+0 . 016. It seems likely, however, that the speci®c storage for this site was underestimated by this method, because the datum against which surface elevations were measured was only 1 . 1 m below the peat surface in a deposit approximately 1 . 75 m thick. Thus compression of peat below this point was not included in the measurement of total surface elevation change. Based on the ratio 1 . 75/1 . 1, the actual surface elevation change was estimated to be about 60% greater than the measured change. On this basis, the storativity due to speci®c storage is estimated to be 0 . 13. This represents an important component of the total storativity (S tot S y bS s ) of the peat, given that the average speci®c yield for this peat is 0 . 048 (Price, 1996) . Storage changes due to changes in peat volume, as described by speci®c storage over the depth of peat, therefore, are about two to three times as important as changes due to drainage by gravity.
The actual water storage changes (dS) during the summer of 1996 at this site are closely approximated by the dierence between cumulative rainfall (P) and evaporation (E) (Price, 1996) , since runo is negligible during this period. The common practice of evaluating storage changes in uncon®ned aquifers by dS dh Á S y 5 accounts only for gravitational drainage of water. Calculated storage using Equation (5) produces a value signi®cantly less than S (P-E) ( Figure 6 ). However, when the eect of surface subsidence is accounted for, by expanding the storage term to dS dh Á S y bS s Y 6 a remarkably good ®t is obtained, at least until mid-July ( Figure 6 ). Notable deviation between the estimated storage and S (P-E) occurred following extreme rain events on 19 and 20 July, which added 70 mm of water. This event was associated with the devastating Saguenay River¯oods caused by storms that dumped 150±270 mm of water in nearby areas. This deviation can be explained by the loss of water to surface runo following this event. Thereafter, the calculated rate of storage change was similar to the actual change, but oset by an amount approximately equivalent to the surface runo loss. However, estimates of storage change in response to rewetting events did not generally follow S (P-E) as well as drying events. This may be attributed to hysteresis in the shrinkage/compression relationships (e.g. see Figure 3 ). It is evident from the shrinkage curves that decreases in volume are not readily reversed upon rewetting. The same is probably true Figure 5 . Water table depth below the surface versus volumetric moisture content (1996) Copyright # 1999 John Wiley & Sons, Ltd. HYDROLOGICAL PROCESSES, VOL. 13, 2591±2601 (1999 for changes in peat volume below the water table by compression, since drainage resulted in a slow steady loss of pore water as the peat was squeezed. In contrast, episodic additions of (relatively) large quantities of water could not be so easily recharged throughout the peat pro®le.
LIMITATIONS
In this study, estimates of the speci®c storage were based on changes in surface elevation relative to water table changes. However, it was also shown that part of the surface elevation change was associated with shrinkage. The shrinkage that occurred was related to increased soil water tension in Figure 3 , although at least part of that shrinkage was due to compression. Furthermore, the lack of a stable datum required the speci®c storage term (bS s ) be adjusted upward for the unmeasured portion of compression assumed to occur beneath the reference point. Further work is underway to re®ne the method. Nevertheless, even without this adjustment, the proportion of storage change attributable to bulk volume changes (bS s 0 . 08) was greater than due to gravity drainage (S y 0 . 048).
CONCLUSIONS
Peat soil is highly compressible, and consequently water storage changes result in volume changes in the peat. These are manifest as variations in the surface elevation. Where changes in water table elevations are large, such as in some natural bogs, and most mined or drained peatlands; where peat is especially thick; or where the peat is`quaking' or`¯oating', signi®cant storage changes may arise from surface elevation changes. The nature of the surface elevation change depends on the compressibility (a) of the peat. Where the compressibility is low, water storage changes will occur primarily by gravitational drainage, followed by air entry, into the pores of the peat. In such cases, the speci®c yield (S y ) can adequately describe the storage changes for a given change in head. This is generally the case for mineral soils, and peat soils with a high bulk density such as well oxidized or compacted peat; where peat is shallow (e.g. 550 cm); and/or where water table¯uctuations are small. In other peatlands, compressibility eects are probably important. Surface elevation changes have been important in the relatively few studies that report it (Almendinger et al., 1986; Nuttle and Hemond, 1988; Figure 6 . Changes in surface elevation (measured) and storage (1996) estimated by P-E, by speci®c yield, and by both speci®c yield and speci®c storage. The latter method of calculating storage matches the`true' storage change estimated as P-E Nuttle et al., 1990; Roulet, 1991; Price, 1994) . Consequently, water storage change associated with changes in peat volume may be important. If there is little water table drawdown (e.g. Roulet, 1991 ) the storativity of the peat may adequately be described by bS s . Elsewhere, storativity should be estimated with S y bS s . The consequences of including the peat volume changes to estimate water storage changes were shown to be important to this study, on a drained peatland. It is essential where estimates of water storage changes are used in a water balance, especially where one of the other terms is calculated as a residual. However, there are other implications not explored by this study, namely the changes to the hydraulic parameters that govern water retention and¯ow. A reduction of the peat volume by shrinkage or compression entails a decrease in the size of pores. Consequently, saturation occurs at lower volumetric moisture content. If the compressibility is very high, the water table will remain close to the surface, and evapotranspiration may be promoted (La¯eur, 1990; Price, 1994 ) (i.e. water availability to plants is enhanced). If the compressibility is moderate, and signi®cant shrinkage occurs, upward capillary¯ow to replenish water lost to evapotranspiration is hindered by the lower hydraulic conductivity. Furthermore, the higher water retention capacity will result in stronger soil suction, providing further limitations for plants. This is an important consideration for re-establishing Sphagnum mosses on mined peat (Price, 1997; Price et al., 1998) .
